Abstract. [Sar 9 , Met(O 2 ) 11 ] termed Substance P (SP), is an effective and selective agonist for the neurokinin-1 (NK-1) receptors, which are synthetic peptides, similar in structure to SP. SP is an important neurotransmitter or neuromodulator mediated by neurokinin receptors, namely the SP receptor in the central nervous system. The excitatory effects induced by SP may be selectively inhibited by a neurokinin-1 receptor antagonist, such as SR140333B. It has been proposed that Parkinson's disease (PD) is primarily caused by the loss of trophic peptidergic neurotransmitter, possibly SP, which may lead to the degeneration of neurons. In previous studies, 1-methyl-4-phenylpyridinium (MPP + ) has been frequently utilized to establish animal or cell models of PD. In the present study, to further investigate the effects of SP in PD, MPP + was employed to investigate the promising anti-apoptotic effects of SP, and examine the underlying mechanisms of the pathology in the MES23.5 dopaminergic cell line. The results indicated that MPP + -triggered apoptosis was prevented by treatment with SP. SP treatment also decreased the MPP + -triggered Ca 2+ influx, caspase-3 re-activity, reactive oxygen species production and mitochondrial membrane potential decrease. Treatment with MPP + also induced phosphorylation of c-Jun N-terminal kinase and p38 mitogen-activated protein kinase. In addition, treatment with SP inhibited the MPP + -triggered neurotoxicity in MES23.5 cells. However, no changes were observed in SR140333B+SP+MPP + -treated MES23.5 cell lines. In conclusion, SP could protect the cells from MPP + -induced cytotoxicity by inhibiting the apoptosis via NK-1 receptors.
Introduction
Parkinson's disease (PD) is a serious degenerative disorder, which is the second most prevalent type of neurodegenerative disorder in humans, particularly in older individuals (1) . A previous study demonstrated that PD is predominantly caused by the degeneration of dopaminergic neurons in the substantia nigra among other localizations (2) ; however, the specific cause of the cell death remains to be elucidated. Former studies involving PD models and clinical patients have identified two main cell death pathways, including the autophagy pathway and the intrinsic or extrinsic apoptosis pathway (3) (4) (5) . Human postmortem studies also found that dopaminergic neuronal death is caused by apoptosis in patients with PD (6, 7) . Fas receptor (8) and autophagic vacuole (9) levels were observed to be increased in patients with PD and PD experimental models (10) . Increasing evidence supports the hypothesis that apoptosis is important in the death of cells and degeneration of the neurons in PD. 1-Methyl-4-phenylpyridinium (MPP + ) is a potential neuronal toxin, which induces the degeneration of nigrostriatal neurons in rodents and primates (6, 10) . Therefore, MPP + has been used in numerous studies to establish models of PD (6, 10, 11) .
[Sar 9 , Met(O 2 ) 11 ] termed Substance P (SP), is a widely distributed undecapeptide, which is considered to be a neurotransmitter or neuromodulator (12, 13) in the human central nervous system (CNS). By interacting with the neurokinin-1 (NK-1) receptors, SP is able to effectively regulate neuronal activity in a few localizations in the brain. Thornton and Vink (14) demonstrated that SP is involved in certain neurological diseases, such as PD and Alzheimer's disease (AD). The electrophysiological studies of Nalivaiko et al (15) revealed that SP could effectively regulate nigral dopaminergic neurons (15) . Strell et al (16) reported that SP could enhance dopamine release from the striatal dopamine terminals in the brain (16) . Thus, dopamine may be involved in maintaining the integrity of the neuronal population (13) .
In the present study, neuronal cultures were treated with MPP + to induce a model, and were analyzed to evaluate the Ca 2+ influx level, the caspase-3 activity, the level of reactive oxygen species (ROS) and the mitochondrial membrane potential (Δψm). The p38 mitogen-activated protein kinase (MAPK) kinase and c-Jun N-terminal kinase (JNK) levels were detected using western blotting. To investigate the Substance P prevents 1-methyl-4-phenylpyridiniuminduced cytotoxicity through inhibition of apoptosis via neurokinin-1 receptors in MES23.5 cells . For the NK-1 receptor inhibitor (SR) antagonism, the cells were pretreated with SR prior to treatment with SP. For the MAPK inhibitor treatment, the cells were treated with JNK-specific inhibitor (SP600125) and p38-specific inhibitor (SB203580) prior to exposure to MPP + . The aim of the present study was to investigate whether SP could protect the dopaminergic neurons from MPP + -triggered neurotoxicity, and to examine the anti-apoptotic mechanism.
Materials and methods
Materials. Skimmed milk sucrose peptone was purchased from Tocris Bioscience (Avonmouth, UK). The inhibitor, SR140333B, was provided by Sanofi-Aventis (Chilly-Mazarin, France). Dulbecco's modified Eagle's medium (DMEM)/F12 was purchased from Gibco Life Technologies (Grand Island, NY, USA). The commercial phycoerythrin (PE)-conjugated anti-caspase-3 monoclonal antibody kit was purchased from BD Pharmingen (San Diego, CA, USA). The Hoechst 33258 staining kit was purchased from Beyotime Institute of Biotechnology (Haimen, China). Fluo-3/AM were purchased from Molecular Probes Life Technologies (Carlsbad, CA, USA). Rabbit anti-phospho-P 38 MAPK polyclonal antibody was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Rabbit anti-rat phospho-JNK polyclonal antibody and mouse anti-rat phospho-c-Jun monoclonal antibody were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Horseradish peroxidase (HRP)-IgG was purchased from Pierce Biotechnology, Inc. (Rockford, IL, USA). SB20358 and SP600125 were purchased from Molecular Probes Life Technologies. The other reagents were of the highest grade and the other kits were purchased from local commercial companies.
Cell culture. Dopaminergic MES23.5 cells were obtained from Dr Wei-Dong Le (Qingdao University, Qingdao, China). MES23.5 cells exhibit certain properties, which are similar to those of primary neurons (17) . Cells were cultured in DMEM/F12, which was supplemented with the 5% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin (Sigma-Aldrich, St. Louis, MO, USA) in a humid 5% CO 2 environment at 37˚C. The cells were seeded at a final density of 1x10 5 /cm 2 in the plates. When the confluence reached 70-80%, the MES23.5 cells were treated with SP (at a final concentration of 10 -7 mol/l) and SR (at a final concentration of 10 -5 mol/l) alone or in combination for 24 h. Subsequently, the cells were incubated with MPP + (200 µmol/l) for 24 h at room temperature (18) .
MTT assay. MES23.5 cells were seeded and cultured in the 96-well plates at a cell density of 2x10 4 cells/well. Following cell attachment, the cells were incubated with different doses of SP or SR for 24 h, with freshly prepared stock solutions. Subsequently, the MPP + (200 µmol/l) was added into the DMEM/F12 medium and serum deprivation was conducted for the subsequent 24 h. Subsequently, the MES23.5 cells were incubated in MTT (5 mg/ml) for 4 h at room temperature, and cell injury was observed using a colorimetric assay (cat. no. ab39401; Abcam, Cambridge, UK).
Hoechst 33258 staining. The nuclear morphology of the cells was evaluated using a previously described method (19) . Briefly, the cells were fixed, then washed twice with phosphate-buffered saline solution. Subsequently, the cells were stained with Hoechst 33258 staining solution. The apoptotic cells were determined by the following features: Nuclear morphology changes, chromatin condensation and chromatin fragmentation. Briefly, the quantity of the condensed cells was counted manually by investigators using a fluorescence microscope (BX51; Olympus Corporation, Tokyo, Japan) (20) . The specific methods of the experiments were performed according to those of a previous study (19) . The data are expressed as the percentage of condensed nuclei compared with the total cell number.
Assay of activated caspase-3. The caspase-3 activity was evaluated according to the manufacturer's instructions (BD Pharmingen). The cells were washed with cold PBS twice, and resuspended in Cytofix/Cytoperm™ solution (final concentration, 1x10 6 cells/0.5 ml; (BD Biosciences, San Jose, CA, USA). The cells were incubated on ice for 20 min, and were washed with Perm/wash buffer twice. Subsequently, the cells were incubated with antibodies in the Perm/wash buffer (1:5) . Following washing with Perm/wash buffer, the cells were resuspended with 0.5 ml Perm/wash buffer, incubated with CD8-PE (BD Biosciences) at 37˚C and analyzed using a flow cytometric assay (FC500; Beckman Coulter, Inc., Brea, CA, USA). The apoptosis level was evaluated by counting the caspase-3-positive cells as a percentage of total MES23.5 cells using CellQuest software (version 2.0; BD Biosciences).
Examination of Δψm. The Δψm of MES23.5 cells was examined by staining with rhodamine 123 (Sigma-Aldrich), and observed using flow cytometry (BD Biosciences). The rhodamine 123 staining and flow cytometric observations were performed according to previously described methods (21, 22) . The cells in different groups were incubated with 100 µmol/l ferrous iron (pH, 6.0) for 3 h at room temperature. Subsequently, the cells were incubated with rhodamine 123 (5 µmol/l) at 37˚C for 30 min. The cells were washed twice with HEPES-buffered saline, and the fluorescence was observed at wavelengths of 488 nm excitation and 525 nm emission using an inverted fluorescence microscope (IX3; Olympus Corporation).
ROS detection.
The intracellular levels of ROS were detected using 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCFDA; Sigma-Aldrich) according to a previously described method (23) . The cells were washed with PBS three times, and were incubated with DMEM/F12 containing H 2 DCFDA (10 µmol/l) for 30 min. Finally, the fluorescence signals of the cells were observed at wavelengths of excitation of 488 nm and emission of 525 nm.
Evaluation of intracellular Ca

2+
. In the present study, intracellular free Ca 2+ , [Ca 2+ ] i , was evaluated using Invitrogen Fluo-3/AM (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to a previously described method (24) . The cells were harvested and centrifuged at a speed of 1,000 x g for 5 min, then treated with Fluo-3/AM (10 µM) in serum-free DMEM for 30 min at 37˚C. The cells were analyzed and observed using the BD Biosciences FACS Calibur flow cytometer (for Fluo-3) (25) . For each experiment, 10 nM digitonin (Sigma-Aldrich) or 2 µM ionomycin (Sigma-Aldrich) was used to treat the cells at the end of the experiments, resulting in maximal fluorescence of Fura-2 and Fluo-3, respectively. Finally, the minimal fluorescence was evaluated by addition of 5 mM EGTA.
Western blot analysis. The cells were harvested and lysed in lysis buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 10 µg/ml aprotinin and 1 mM phenylmethylsulfonyl fluoride]. The nuclear and cytoplasmic proteins were extracted and isolated as described in a previous study by Wang et al (26) . The nuclear and cytoplasmic proteins were isolated using the Nuclear and Cytoplasmic Protein Extraction kit (Beyotime Institute of Biotechnology). The final concentration of the proteins was examined using a Bradford assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The proteins were separated with 10% SDS-PAGE (Tiangen Biotech (Beijing) Co., Ltd., Beijing, China), and then transferred to the polyvinylidene difluoride membranes (Tiangen Biotech (Beijing) Co., Ltd.) for detection. The membranes were blocked with 5% non-fat milk at room temperature overnight, and then treated with a rabbit anti-rat phospho-P38 monoclonal antibody (1:3,000; cat. no. Sc-7975-R; Santa Cruz Biotechnology, Inc.), rabbit anti-rat phospho-JNK polyclonal antibody (1:3,000; cat. no. Sc-135642; Santa Cruz Biotechnology, Inc.) and rabbit antirat phospho-c-Jun polyclonal antibody (1:2,000; cat. no. 3270; Cell Signaling Technology, Inc.), respectively overnight at 4˚C. Subsequently, the membranes were incubated with the goat anti-rabbit polyclonal antibodies conjugated with HRP-IgG at a dilution of 1:200 (cat. no. A27033; Pierce Biotechnology, Inc.). The cross-reactivity of proteins was visualized using enhanced chemiluminescence reagents (Pierce Biotechnology, Inc.), and then analyzed via scanning densitometry using the Tanon Image system (Tanon Science & Technology Co., Ltd., Shanghai, China).
Statistical analysis. All data in the present study were analyzed using SPSS software version 19.0 (SPSS, Inc., Armonk, NY, USA). The results are presented as the mean ± standard error of the mean. Each experiment was performed at least three times, and the results were observed by at least three observers. One-way analysis of variance followed by the Student-Newman-Keuls test was utilized to compare the differences between the two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Immunohistochemistry. There are three subtypes of neurokinin receptors, including NK-1, NK-2, and NK-3. The NKs have selective affinities for SP, NKA, and NKB, respectively. It was identified that the MES23.5 cells bear positive NK-1 expression (Fig. 1) . 
Cell viability of MPP
+ -treated MES23.5 cells. In order to investigate whether SP exerted a protective effect on MPP + -treated MES23.5 cells, different doses of SP/SR alone and in combination were added to the culture medium. When pretreated with 10 -9 -10 -5 mol/l SP for 24 h, the cell viability was significantly increased compared with that of the untreated cells (Table I) . However, no significant differences were identified in cell viability among the pretreatment with SP (10 -7 mol/l) + SR (10 -6 mol/l), SP (10 -7 mol/l) + SR (10 -5 mol/l) and SP (10 -7 mol/l) + SR (10 -4 mol/l) groups for 24 h (Table II) .
As shown in Table I and Table II cell death and the apoptotic process. In the present study, active caspase-3 was detected using the PE-conjugated caspase-3 monoclonal antibody apoptosis kit (Fig. 2) . The results indicate that the caspase-3 activity in the MPP + and SR + SP + MPP + groups was significantly higher when compared with the control group ( Fig. 2; P<0 .05). Meanwhile, the caspase-3 activity was significantly decreased in the SP + MPP + group as compared with the MPP + group (P<0.05). Furthermore, SR treatment may have increased the caspase-3 activity significantly, when compared with the SP + MPP + group alone ( Fig. 2; P<0 .05).
SP antagonizes DNA fragmentation in the MPP
+ -treated MES23.5 cells. In order to further confirm the protective effect of SP on MPP + -treated MES23.5 cells, the nuclear morphology was analyzed using blue Hoechst 33258 (Fig. 3) . The results demonstrate significantly increased quantities of DNA fragmentation and condensed nuclei in the MPP + group when compared with the control group ( Fig. 3; P<0 .05). Treatment with SP may abrogate the increased quantities of DNA fragmentation and condensed nuclei, as the quantity of condensed nuclei in the SP + MPP + group was significantly decreased when compared with that of the MPP + group (P<0.05).
SP inhibits calcium influx in MPP + -treated MES23.5 cells. [Ca
2+
] i is important in specific cell events, such as cell apoptosis, cell death and other processes. The Ca 2+ influx (Fig. 4) .
SP decreases ROS production in MPP
+ -treated MES23.5 cells. ROS are critical in cell apoptosis, therefore, intracellular ROS levels were detected using a fluorescence sensitive probe, H 2 DCFDA, which was used to examine numerous active oxygen species in MES23.5 cells (Fig. 5) . The results indicate that the ROS production in the MPP + group was significantly increased compared with the control group ( Fig. 5; P<0 .05). The SP treatment appeared to significantly decrease the ROS production of the MPP + group (Fig. 5) , as the ROS production in the SP + MPP + group was significantly deceased when compared with the MPP + group (P<0.05). However, treatment with the SR may have abrogated the effects of SP treatment (Fig. 5) .
SP decreases Δψm in MPP
+ -treated MES23.5 cells. During apoptosis, the Δψm is associated with apoptosis and represents mitochondrial function. Therefore, the Δψm was examined in MPP + -treated MES23.5 cells (Fig. 6) . The results indicate that the Δψm in the MPP + group was significantly increased when compared with the control group ( Fig. 6; P<0.05 ). The SP treatment may also significantly decrease the Δψm of the MPP + group (Fig. 6) . Furthermore, the Δψm in the SP + MPP + group was significantly deceased when compared with the MPP + group (P<0.05). However, treatment with the SR may have abrogated the effects of SP treatment (Fig. 6) .
SP inhibits the MMP
+ -induced phosphorylation of JNK, p38 MAPK and Akt. Fig. 7 demonstrates that MMP + treatment may lead to a marginal increase in the phosphorylation of JNK, p38 MAPK and Akt in MES23.5 cells without altering the total level of the above three proteins. However, treatment with SP significantly inhibited the activation, also termed phosphorylation, of p38 MAPK, JNK and Akt protein (Fig. 7) . The present results also revealed that SP treatment could regulate the activation of JNK, p38 and Akt protein in MMP + -injured MES23.5 cells.
Discussion
Previous studies have reported that SP is critical in PD pathophysiology (12, 15, 16) . However, the mechanism underlying the function of SP-induced neuroprotection in PD remains elusive. A previous study only demonstrated the neural growth function of SP (27) . The present study indicated the neuroprotective 
A B C D E
function of SP in the MPP + -treated MES23.5 cells, and further examined the underlying mechanism of this effect. The present study demonstrated that SP may inhibit the MPP + -triggered neurotoxicity through inhibiting cell apoptosis via the NK-1 receptor in MES23.5 cells. Furthermore, the neuroprotective effects of SP were achieved by regulating the Δψm, changing the calcium influx, and modulating the ROS production and caspase-3 activation.
In the present study, the MES23.5 cell line was selected mainly due to evidence suggesting that it contains certain neuronal characteristics, including a dopamine synthesis system, tyrosine hydroxylase and expression of the ω-conotoxin receptor (28) . The above characteristics are similar to the features of primary neurons. Therefore, the results obtained from this cell line may be used to represent the degenerated neurons in PD. MPP + is a common type of neurotoxic agent used to establish models of PD. MPP + may be transduced into the cell via the cells dopamine re-uptake system. Subsequently, MPP + is able to inhibit the formation of complex I in the mitochondrial respiratory chain, which may trigger dopaminergic neurodegeneration (29) .
The etiology of PD remains to be fully determined. Apoptosis-associated neuronal death has only been described in a few patients with PD (30) . Consistent with the previous study (30) , the morphological data obtained in the present study demonstrated that dopaminergic cell death indeed occurs by triggering apoptosis in a model of PD.
Increasing numbers of studies have clearly demonstrated the function of apoptosis in neuronal death and neurodegeneration of dopaminergic neurons in patients with PD (31, 32) . These studies have also indicated the critical role of the caspase family of cysteine proteases in apoptosis. These enzymes are involved in the cascade, which is triggered in response to pro-apoptotic signals and culminates in the cleavage of a set of proteins (33) . In the present study, the occurrence of apoptosis was evaluated by examining caspase-3 activation (cleaved caspase-3 protein).
There are multiple studies demonstrating that ROS are involved in neurodegenerative diseases, such as AD and PD (23, 26, 30, 31) . Certain studies have also illustrated that the ROS could lead to cell death via the activation of the cell apoptosis signaling pathway (26, 30) . In the present study, the results indicated that MPP + treatment could induce an increased level of ROS in MES23.5 cells. However, this increase in ROS could be blocked by pretreatment with SP. These results suggest that the anti-apoptotic effects of SP on MPP + -treated MES23.5 cells were achieved by triggering the mitochondrial pathway.
In addition, CNS tissues have been analyzed (which were derived from patients with PD, Huntington's disease and amyotrophic lateral sclerosis) in order to examine the role of cellular Ca 2+ in the neurons. The results indicated that the cellular Ca 2+ overload is the direct cause for the death of vulnerable neurons in the aforementioned diseases (24, 30) . Beal (34) demonstrated that excessive Ca 2+ -mediated nitric oxide production contributes to the death of dopaminergic neurons in PD (34) . Furthermore, Ca 2+ is also one of the most critical signaling molecules in mammalian cells. Ca 2+ may also regulate the diverse cellular functions of cells (35) . Therefore, the rise of intracellular Ca 2+ may trigger neuronal cell death or apoptosis in PD (36) . The association between [Ca 2+ ] er and cell death is rather complex.
There is a substantial body of data demonstrating that reducing [Ca 2+ ] er has a protective effect against apoptosis, dependent on stimuli releasing Ca 2+ from intracellular stores (37) . The JNK signaling pathway is a major transduction pathway, which may mediate apoptotic cell death, or even neuronal degeneration in response to numerous cellular stimuli (38) . JNK is a member of a subfamily of the MAPK superfamily. JNK acts as a pro-apoptotic kinase in the apoptotic processes, including the extrinsic apoptotic pathway and the intrinsic apoptotic pathways. Therefore, JNK activates the apoptotic signaling pathway by upregulating the pro-apoptotic proteins. The regulation was completed by phosphorylating specific transcription factors, such as ATF2, c-Jun, p53, Elk-1 and c-Myc. In addition, JNK could also modulate the activities of anti-and pro-apoptotic proteins directly, such as B-cell lymphoma 2 and Bcl-2-associated X protein (39) . SP600125 is a common JNK inhibitor, which could inhibit the phosphorylation of c-Jun and protect against transient ischemia/reperfusion-triggered neuronal death or apoptosis in the hippocampal CA1 region of the rat. SP600125, at a concentration of 2-10 µM, may markedly protected the cortical neurons from glutamate toxicity (40) . In the present study, the results indicated that SP inhibited the activation of JNK in MPP + -injured MES23.5 cells. However, SP also fails to rescue the glutamate-injured hippocampal neurons from cell apoptosis in the presence of SP600125. A previous study revealed that SP600125 is able to regulate Akt phosphorylation when serum and potassium were withdrawn in the cerebellar granule cells (41) . However, in the present MPP + injury model of PD, the results indicated that the SP600125-induced JNK inhibition could not activate the Akt protein (data not shown). Therefore, this phenomenon also requires further clarification.
P38 is another important member of the MAPK protein family, which may be activated in response to glutamate stimulation of the N-methyl-D-aspartate receptors (42) . SB203580 is a type of p38MAPK-specific inhibitor, which may prevent glutamate-induced neuronal death and apoptosis in cultured cortical neurons (43) . In the present study, the results revealed that MPP + could detectably stimulate the phosphorylation of p38 in MES23.5 cells. In addition, SP may affect p38 activation, which indicates that p38 is involved in the neuroprotective function of SP in the MPP + -injured MES23.5 cells. In conclusion, the present study demonstrated the antioxidant effects of SP against MPP + -induced cell death and apoptosis, by decreasing calcium influx, increasing the Δψm, reducing the ROS production and inhibiting caspase-3 activation. The phosphorylation of the p38 protein and JNK protein signaling pathways were regulated by treatment with SP. The SP-activated p38 and JNK signaling pathway promoted the cell viability and survival of cells. For clinical therapy, SP may be developed as a potential drug for treating neuronal cell damage and neurodegenerative disorders, based on its neuroprotective function.
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